The intracellular polymerization and the concomitant sickling processes, central to the pathology of sickle cell disease, can be mitigated by increasing the oxygen affinity of sickle hemoglobin (HbS). Attempts to develop azolylacryloyl derivatives to covalently interact with βCys93 and destabilize the low-O 2 -affinity T-state (deoxygenated) HbS to the polymer resistant high-O 2 -affinity R-state (liganded) HbS were only partially successful. This was likely due to the azolylacryloyls carboxylate moiety directing the compounds to also bind in the central water cavity of deoxygenated Hb and stabilizing the T-state. We now report a second generation of KAUS compounds (KAUS-28, KAUS-33, KAUS-38, and KAUS-39) without the carboxylate moiety designed to bind exclusively to βCys93. As expected, the compounds showed reactivity with both free amino acid L-Cys and the Hb βCys93. At 2 mM concentrations, the compounds demonstrated increased Hb affinity for oxygen (6% to 15%) in vitro, while the previously reported imidazolylacryloyl carboxylate derivative, KAUS-15 only showed 4.5% increase. The increased O 2 affinity effects were sustained through the experimental period of 12 h for KAUS-28, KAUS-33, and KAUS-38, suggesting conserved pharmacokinetic profiles. When incubated at 2 mM with red blood cells from patients with homozygous SS, the compounds inhibited erythrocyte sickling by 5% to 9%, respectively in correlation with the increase Hb-O 2 affinity. These values compare to 2% for KAUS-15. When tested with healthy mice, KAUS-38 showed very low toxicity.
Introduction
Sickle cell disease (SCD) is the most common inherited hematologic disorder, affecting many areas in the world. The intracellular sickling process, central to the pathology of sickle cell disease can be mitigated by increasing the oxygen affinity of sickle hemoglobin (HbS). [1] [2] [3] Aromatic aldehydes exhibit these pharmacologic properties by stabilizing the relaxed state of Hb (R2-state) and increase Hb affinity for oxygen via a Schiffbase interaction with the N-terminal αVal1 nitrogen, and through several inter-subunit mediated interactions. [1] [2] [3] [4] Several aromatic aldehydes have been studied in the clinic for the treatment of SCD, with one such compound, GBT440 (Voxelotor) currently undergoing phase III studies. 4 With very few exceptions, e.g. GBT440, a major drawback of aromatic aldehydes as therapeutic agents is poor pharmacokinetic properties due to significant and rapid metabolic oxidation of the aldehyde moiety into the corresponding inactive functional metabolites. [5] [6] [7] [8] Hence, efforts are being made to replace the aldehyde group with different metabolically stable electrophiles. [9] [10] [11] [12] We recently studied several such covalent modifiers for their antisickling activity. 11 The compounds were expected to increase oxygen affinity of Hb via a Michael addition reaction between their β-unsaturated carbon and the sulfur atom of βCys93 (Scheme 1), disrupting a T-state stabilization salt-bridge interaction, and shifting the allosteric equilibrium to the R-state. 11 Unfortunately, the compounds, as exemplified by KAUS-15 ( Fig. 1 ), only showed weak or no effect on Hb oxygen affinity, explaining their weak antisickling activities. Solution studies suggest that the compounds bind predominantly to free L-Cys and Hb βCys93. Crystallographic studies also showed a second binding to the N-terminal αVal1 at the central water cavity of deoxygenated Hb, with their carboxylate moieties involved in protein interactions that stabilize the T-state Hb, explaining the observed biological effect. 11 This study reports a second generation of several KAUS molecules without the carboxylate moiety, and expected to bind exclusively to βCys93. The compounds were studied for their reactivity with βCys93 of Hb and free L-Cys, in vitro effects on Hb-O 2 affinity and sickle RBC morphology, as well as acute toxicity with mice.
Materials and methods

General
All melting points were uncorrected and measured using the capillary melting point instrument BI 9100 (Barnstead Electrothermal, UK). 1 H NMR spectra were determined on an AVANCE-III 600 MHz and AVANCE-III HD 850 MHz spectrometers (Bruker, Germany), and chemical shifts are expressed as ppm against TMS as an internal standard (King Fahd Center for Medical Research and Faculty of Science, King Abdulaziz University, Jeddah, Saudi Arabia). LC/MS analyses were performed on an Agilent 6320 Ion Trap HPLC-ESI-MS/ DAD (Santa Clara, CA, USA) with the following settings: the analytes were separated using a Macherey-Nagel Nucleodur-C18 column (150 mm length × 4.6 mm i.d., 5 μm) (Macherey-Nagel GMBH & Co. KG, Duren, Germany). Mobile phase; isocratic elution using a mixture of acetonitrile and 0.01 formic acid in water (80 : 20, v/v). The flow rate was 0.4 mL min −1 ; total run time = 20 min. Purities are reported according to percentage of Peak Areas at wavelength 280 nm. According to LC/MS analyses, all compounds in this study were confirmed to have 95% purity or higher. High-resolution mass spectrometry (HRMS) was performed in the Faculty of Science, King Abdulaziz University on Impact II™ Q-TOF spectrometer (Bruker, Germany).
De-identified, leftover EDTA venous sickle whole blood samples from patients with SCD who visited The Children's Hospital of Philadelphia for routine clinic visits, were obtained after informed consent. Normal whole blood were obtained from adult donors at the Virginia Commonwealth University after informed consent.
1H-Imidazole-2-carbaldehyde (2.88 g, 30 mmol) and acetophenone (4.32 g, 4.2 mL, 36 mmol) were dissolved in 40 ml of ethanol, and a 1 N aqueous solution (40 ml) of sodium hydroxide was added to the solution. The mixture was stirred at room temperature for 8 h. 1 N hydrochloric acid (40 ml) was added to the resultant reaction mixture to conduct the extraction with chloroform. An organic layer was washed with saturated brine, dried and then concentrated under reduced pressure. The resultant residue was subjected to column chromatography on silica gel. Crystals obtained from a fraction eluted with 1% (v/v) methanol-chloroform were recrystallized from ethyl acetate to obtain the titled compound as off-white powder (2.1 g, 60%). MP: 182-184°C. 1 
Synthesis of
This compound was prepared following the procedure described above for the synthesis of the similar analogue KAUS-28 and was obtained as a white solid (3.6 g, 53%). MP: 193-194°C. 1 
Synthesis of (E
This compound was prepared following the procedure described above for the synthesis of the similar analogue KAUS-28 and was obtained as an off-white solid (2.7 g, 37%). MP: 222-223°C. 1 Oxygen equilibrium curve (OEC) studies. The ability of the compounds, KAUS-28, KAUS-33, KAUS-38, and KAUS-39 (1 mM and 2 mM final concentration) to increase hemoglobin affinity for oxygen was tested with normal whole blood (hematocrit of 20%) with 2 h incubation at 37°C as previously reported. 11, 13, 14 The studies were performed at least in triplicates. Time dependent studies were also conducted with whole blood at 2 mM concentration, with incubation for up to 24 h at 37°C. Aliquot samples were tested at 1, 2, 4, 8, and 24 h, and DMSO was used as control. KAUS-15 was used as a control.
Antisickling studies. All compounds, KAUS-28, KAUS-33, KAUS-38, KAUS-39, and the control KAUS-15 were tested for their abilities to prevent RBC sickling under hypoxic condition following previously reported assay. 11, 13, 14 Briefly SS cells were suspended in Hemox buffer (TCS Scientific Corp, Southampton, PA), pH 7.4, supplemented with 10 mM glucose and 0.2% bovine serum albumin. The solution was incubated under air in the absence (control) or presence of 2 mM concentration of test compound at 37°C for 1 h. Following, the suspension was incubated under hypoxic condition (4% oxygen/96% nitrogen) at 37°C for 2 h. The suspension was fixed with 2% glutaraldehyde solution without exposure to air and then subjected to microscopic morphological analysis as previously reported. 13 Reactivity of KAUS compounds toward free amino acid,
L-cysteine
The KAUS compounds were expected to covalently bind to Hb through a Michael addition reaction with the βCys93 to affect their allosteric and antisickling activities. We therefore investigated L-Cys conjugates with KAUS-28, KAUS-33, KAUS-38 and KAUS-39 using UPLC-MS analysis as previously described 11 with an Acquity H-Class UPLC, which is connected to a PDA detector and an Acquity TQD detector. The column used was an Acquity UPLC BEH C18 1.7 μm, 2.1 × 50 mm, with a Vanguard pre-column attached. Solvent A consisted of water with 0.02% formic acid, while solvent B consisted of 90 : 10 acetonitrile : water with 0.02% formic acid. A gradient run was performed such that solvent B was increased from 0% B to 100% B from time 0-5 min, followed by 3 minute wash at 100% B and then a return and re-equilibration at 100% A in the next 4 min. The flow rate was maintained at 0.5 ml min −1 throughout the run. 2 μL of sample was injected per run. The eluent of the column was connected to a PDA UV detector, which scanned from 220-350 nm and showed a 2D channel of 280 nm. The eluent was then introduced into the TQD detector. The TQD detector was set at positive ionization mode with a capillary voltage of 3.20 kV, cone voltage of 20 V, extractor voltage of 1 V, and RF lens voltage of 0.1 V. The source temperature was set at 150°C, while the desolvation temperature was set at 350°C and the desolvation and cone gas flows were set at 650 and 50 L h −1 respectively. Scans were made from 100-700 m/z with scan duration of 0.5 seconds to obtain mass spectra at different time points.
Reactivity of KAUS compounds toward βCys93 of Hb
The accessible sulfhydryl groups in Hb, and their reactivity with the KAUS compounds, were quantified by observing the results of the disulfide exchange reaction of the thiols of βCys93 and DTNB at 412 nm (ε = 14 150 M −1 cm −1 ). 11 An aqueous solution of Hb (50 μM in PBS) was mixed with KAUS-28, KAUS-38, KAUS-39 and the positive control KAUS-15 (2 mM final concentration) in a final volume of 500 μL. The mixture was incubated at room temperature for 2 h or 16 h. The mixture was initially centrifuged at 10 000 rpm for 10 min at 4°C to settle any precipitate that may have formed during the reaction. The supernatant was transferred to a microfiltration centrifugal tube (MWCO 10 kDa) and was centrifuged to separate Hb from excess reagents at 7000 rpm for 30 min at 4°C. Hb was washed with PBS and centrifuged again to a final volume of 100 μL. The washed Hb was stored at 4°C. 25 μL of each Hb solution was added to 0.1 M potassium phosphate buffer (475 μL) at pH 8.0 and incubated at 25°C for 1 h (non-DTNB control samples). Another 25 μL of each Hb solution was added to the phosphate buffer (465 μL) with 10 μL of DTNB (10 mM in buffer) and incubated at 25°C for 1 h. Before centrifuging the non-DTNB control samples, the absorbance of each sample was taken at 576 nm to determine the concentration of Hb and quantify the βCys93 concentration in each sample. Both sets of tubes were centrifuged using different centrifugal filters (7000 rpm, 20 min, 4°C) to collect the yellow filtrate (2-nitrobenzoate), which was quantified by measuring absorbance at 412 nm.
Determination of acute oral toxicity (LD 50 )
The experiment was conducted on 9 healthy Swiss albino mice (males and females) weighing 22-27 g and aged 8 to 10 weeks obtained from the Animal Station, Pharmacology Dept., Faculty of Pharmacy, King Abdulaziz University, Jeddah. All animals were kept at the regulated temperature (average 23°C), air quality (central air conditioning) and light (12 h light/dark cycles). Animals were provided free access to food pellets ad libitum and water. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of King Abdulaziz University and approved by the Animal Ethics Committee of Research on living Creatures in the Kingdom of Saudi Arabia. Animals were humanely treated according to international and scientific principles. KAUS-38 of purity 95% or more (LC/MS) was prepared as 10% suspension in water containing 0.5% tween 80. Mice (n = 3) were treated with an oral starting dose of KAUS-38 of 2000 mg per kg body weight using a stainless-steel gouge gavage needle. On day 2, same steps, also using an oral dose of KAUS-38 of 2000 mg per kg body weight were repeated on a second group of mice (n = 3). On day 3, an oral dose of KAUS-38 of 5000 mg per kg body weight was administrated on a third group of mice (n = 3). Following each dose, the animals were observed for 24 h for any signs of toxicity including mortality.
Result and discussion
Scheme 2 was followed for the synthesis of KAUS-28, KAUS-33, KAUS-38 and KAUS-39 (Fig. 1) . The control, KAUS-15 was synthesized as previously published. 11 For the synthesis, 2-imidazole carbaldehyde (2.88 g, 30 mmol) and substituted acetophenone (36 mmol) were dissolved in 40 ml of ethanol, and a 1 N aqueous solution (40 ml) of sodium hydroxide was added to the solution. The mixture was stirred at room temperature for 8 h. 1 N hydrochloric acid (40 ml) was added to the resultant reaction mixture to conduct the extraction with chloroform. The organic layer was washed with saturated brine, dried and then concentrated under reduced pressure. The resultant residue was subjected to column chromatography on silica gel. Product obtained from a fraction eluted with 1% (v/v) methanol-chloroform was recrystallized from ethyl acetate. Table 1 . KAUS-38 was the most reactive (77%), followed by KAUS-33 (55%), KAUS-39 (54%), while KAUS-28 showed the least reactivity (20%). As previously reported, solution-based sulfhydryl assay identified only two accessible thiols, out of the six present in Hb, consistent with the two βCys93 as the only solvent accessible and reactive cysteine. 11 The reactivity of the KAUS compounds (KAUS-28, KAUS-38 and KAUS-39) with these accessible sulfhydryl groups in Hb was quantified by the disulfide exchange reaction of the thiols of βCys93 in Hb and DTNB at 412 nm. All three compounds showed 10% reactivity with βCys93 at 2 h incubation, which increased to 37% for KAUS-38 and 20% for both KAUS-28 and KAUS-39 after 16 h ( Table 2 ). The positive control KAUS-15 shows comparative values of 10% and 30% at 2 h and 16 h, respectively. It is also apparent that the KAUS compounds are more reactive toward free Cys than βCys93 of Hb, which could be due to steric constraint to reacting with the partially buried βCys93.
Compounds react with both free L-Cys and βCys93 of Hb
UPLC-MS analysis of the reaction between the compounds and free L-Cys (that was incubated for 3 h) is shown in
Compounds increased Hb affinity for oxygen with sustained effect
The compounds were subjected to oxygen equilibrium studies using 3-point tonometry to assess P 50 shifts or increase in Hb oxygen affinity. P 50 is the oxygen pressure at which hemoglobin is 50% saturated with oxygen. All compounds increased Hb affinity for oxygen, showing a left shift in the OEC curve, when tested with normal whole blood (Fig. 2) . The compounds also showed concentration-dependent OEC effect. In whole blood KAUS-33 showed the most potent effect (9.9 and 15.2% at 1 mM and 2 mM, respectively), followed by KAUS-38 (8.2 and 11.8%), then KAUS-28 (7.0 and 11.3%), and KAUS-39 (∼6.5%) ( Fig. 3) . These values compare with the positive control, KAUS-15 at 1.9 and 4.5%, respectively, clearly indicating improvement in the allosteric properties of these new compounds. Unlike KAUS-15, these compounds do not contain carboxylate function, and therefore we attribute the increased potency to the removal of the carboxylate moiety, which is expected to exclude binding to the central water cavity of deoxygenated Hb to stabilize the T-state. Time-dependent OEC studies showed that at 2 mM concentration, KAUS-28, KAUS-33, and KAUS-38 sustained their activity throughout the 24 h experiment, while KAUS-39 started to decline after 8 h (Fig. 4) . A similar activity decline was also observed with KAUS-15. It is also interesting to point out that KAUS-39, among the five compounds studied (including KAUS-15) showed the slowest onset. The apparent metabolic stability of these compounds' contrasts with most aromatic aldehyde antisickling agents, which suffer from rapid metabolism and thus have short pharmacologic activities. Thus, as proposed, the current azolylacryloyl derivatives appear to have superior in vitro allosteric effect than the carboxylate-containing azolylacryloyl, as well as are metabolically stable than some of the previously studied antisickling aromatic aldehydes. 5, 7, 13, 15 The four KAUS compounds differ by having varying, or no substitutions on the phenyl ring. However, it does not appear that the size of the substitution correlates with the allosteric activities of these compounds, suggesting that the substituted phenyl ring may not be important in binding.
Compounds demonstrated mild in vitro antisickling effect on blood samples from subjects with homozygous sickle cell disease
Compounds that increase the oxygen affinity of Hb are expected to inhibit RBC sickling as high-O 2 -affinity sickle Hb does not polymerize. 2, 14, 16 As expected from their ability to increase the oxygen affinity of Hb, all the KAUS compounds inhibited erythrocyte sickling, with KAUS-38 showing the most potent effect of 9%, followed by KAUS-33 and KAUS 28 (7%), then KAUS-39 (5%), and lastly the control KAUS-15 (2%) (Fig. 5 ).
Compounds demonstrated low toxicity in healthy mice
Since compounds with electrophilic properties, e.g. Michael addition are usually involved in a variety of toxic effects on mammalians, we decided to investigate the general acute toxicity of KAUS-38 by determining the in vivo lethal dose (LD 50 ) 17 according to the Globally Harmonized Classification System (GHS) and following the OECD guideline 423 (modified, adopted March 23, 2006). Healthy Swiss albino mice (males and females) weighing 22-27 g and aged 8 to 10 weeks were divided into 3 groups (3 mice in each group). Group 1 and 2 were given an oral dose of 2000 mg per kg body weight while group 3 was given an oral dose of 5000 mg per kg body weight. Following dosing, the mice was observed for 24 h for any signs of toxicity, including mortality. It was observed that all mice tolerated an oral dose of 2000 mg kg −1 of KAUS-38, since no mice from groups 1 and 2 died after 24 h of drug administration. However, 2 out of the 3 mice in group 3 (given 5000 mg kg −1 doses) were found to be dead. This preliminary toxicity study suggests KAUS-38 to have potentially low toxicity on mammals. We note that the excipient used for the in vivo delivery were much better in solubilizing the compounds, but not appropriate for in vitro studies. The toxicity result is consistent with our published cellular study with similar Michael addition class of compounds that are show Values are mean of quadruplet measurements ± SD. % adduct formed = 100 -(available -SH from two βCys93). more solubility, which also showed no toxicity effect. 11 Further toxicity studies are warranted for sub-chronic and chronic ranges to confirm safety of the compounds.
Conclusion
We previously developed azolylacryloyl-carboxylate compounds that we hypothesize would bind covalently to βCys93 of Hb and destabilize the T-state to increase the protein affinity for oxygen that would translate to antisickling effects. 11 These compounds, with the representative example of KAUS-15 showed only marginal effect in increasing Hb oxygen affinity or preventing RBC sickling. 11 Crystallographic studies suggested that their low functional/biological activities are in part due to the compounds binding to the central water cavity of deoxygenated Hb to stabilize the T-state. 11 In the present study, we modified some of these compounds by removing their carboxylate groups to allow the compounds to bind preferentially at βCys93 and exhibit more potent OEC and/or antisickling activities. Four compounds were synthesized, and as expected exhibited improvement in vitro Hb-O 2 affinity and RBC sickling inhibition over KAUS-15, although not as potent as expected. Nonetheless, our findings suggest that our structural modifications are in the right direction, and establish the current non-carboxylate azolylacryloyl derivatives as a novel and potentially non-toxic promising group of anti-sickling agents, and provide proof-of-concept justifications for further structural modifications to develop candidate therapeutics for SCD. All human experiments were performed in accordance with the Guidelines of the Institutional Review Boards (IRB) of The Children's Hospital of Philadelphia and Virginia Commonwealth University, and experiments were approved by the ethics committee at The Children's Hospital of Philadelphia and Virginia Commonwealth University, respectively. Informed consents were obtained from human participants of this study.
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